We investigated the near-field optics imaging by a numerical method using special spherical chains created in a silica waveguide (SWG) and explored the possibility of how this can be used for near-field scanning optical microscopy (NSOM) applications. There are two types of spherical nanochain; type A includes nano-dielectric spheres connected closely, and type B includes silver nanoparticles 4 nm in diameter randomly distributed inside the nanospheres of type A. A spherical nanochain with the 80-nm-diameter spheres was embedded in the SWG. The interactions between light emerging from SWG and the electric field near the sample surface that affects the properties of the images produced by NSOM are analyzed using a three dimensional finite-difference time-domain method. The effects of the optical field distribution generated by some factors are also discussed. A method of controlling the light field localized in the SWG is proposed that uses the external protrusion (dielectric sphere). The proposed structure will yield some useful information and give an idea of applications in NSOM.
Introduction
Near-field scanning optical microscopy (NSOM) [1] [2] [3] [4] is well known to be a powerful tool for the observation of microstructures beyond the diffraction limit. Optical information on near-field between the sample area and the output end of a silica (SiO 2 ) waveguide (SWG) of nanometric dimensions that can be obtained from NSOM images has remained unclear, because the imaging process of NSOM is relatively complicated. A near-field electric field distribution is formed in SWG and diffracts owing to the optical properties of the sample such as geometrical structure, refractive index and absorption distribution. The light field localized in nanochains embedded in SWG as a defect region within areas in the near-field zone has never been studied to our knowledge. The field intensity distribution at the output end of the SWG is also sensitive to the presence of a probe object (external dielectric sphere), offering a way to control the light field localized in SWG. In our numerical simulation, a three-dimensional (3D) finite-difference timedomain (FDTD) [5] [6] [7] [8] method with perfectly matched layer boundary conditions 9) is used to analyze the propagation of a light beam in the defect region of SWG. This analysis reveals several intriguing features of light localization in SWG, which seems to offer much promise for NSOM. In particular, subwavelength resolution can be achieved with SWG when the localization of a light wave occurs within areas whose sizes are less than a wavelength. This provides information concerning the spatial distribution of the electromagnetic field emerging from the output end of SWG.
In this paper, we focus on the change in near-field light for a model that we consider for SWG with two types of nanochain. The different aspects of the local interaction of the field distribution between SWG and the external sphere, and a sample with a protrusion (dielectric sphere) are taken into account. Firstly, we discuss some preliminary results recorded with the near-field distribution of such a subwavelength structure for two types of nanochain as an extra defect inside SWG, and then a system including SWG and an external dielectric sphere is investigated. Finally, a novel idea of NSOM using an evanescent wave emerging from SWG through a sample with a protrusion is proposed, which seems to offer promising applications in NSOM. Figure 1 shows a schematic diagram of 3D SWG with two types of nonochain to be analyzed. The SWG considered here has a refractive index n ¼ 1:5, width w ¼ 200 nm, and a height h ¼ 200 nm, and the surrounding medium is air (n ¼ 1). As shown in Fig. 1 , two types of nanochain embedded inside the central part of SWG are illustrated. Type A includes four spherical chains connected closely with a refractive index n ¼ 3:4 (GaAs) and a diameter of 80 nm. Type B includes the same chains as those in type A except for the silver nanoparticles embedded inside the dielectric spheres of type A. In the dielectric spheres of type B, silver nanoparticles 4 nm in diameter are randomly positioned in the 80-nm-diameter spheres, as shown in Fig. 1 . The refractive index of each silver nanoparticle is chosen to be 0:7 þ i3:65.
Simulation Models
10) The dispersive behavior of silver nanoparticles is simulated using the Lorentz model.
11)
The effects of light polarization on the generated near-field images are studied under both parallel and perpendicular polarization conditions. When the model structure possesses a preferred orientation, the characteristics of the scattered light depend on the polarization direction (either parallel or perpendicular) relative to the structure orientation. In this paper, we report that the incident electric field is p-polarized when the electric field vector oscillates in a cross-sectional plane that is perpendicular to the surface of the edge structure (electric field E along x-or y-axis; transverse polarization). On the other hand, s-polarization occurs when the field vector oscillates in a direction normal to a crosssectional plane (electric field E along the z-axis; longitudinal polarization).
Firstly, we observed the field distribution using the 3D FDTD method inside SWG. The reason why we treat the spherical shape as an extra defect in SWG is that dielectric spheres can act as a lens and concentrate the light in the propagation direction. A p-polarized input Gaussian beam with a wavelength ¼ 633 nm and implemented as a scattering field/total field source (SF/TF) 5) is focused onto the central part of the spherical chain, located at the bottom face plane shown in Fig. 1 at a normal incidence. An other parameter that was used was cell size Áx ¼ Áy ¼ Áz ¼ 2 nm, and the total space volume considered consists of 100ðxÞ Â 100ðyÞ Â 200ðzÞ cells. The time step is chosen to be Át ¼ 0:
, where c is the speed of light. The incident Gaussian beam's FWHM was adjusted such that FWHM ¼ 0:51=NA.
Results and Discussion
Figures 2(a) and 2(b) show the calculated results of types A and B, respectively. In the cross-sectional image plane shown in Fig. 2(b) , highly localized enhancements were produced between adjacent silver nanoparticles in the nearfield zone. For an incident beam below the nanochain and an electric field E perpendicular to the nanochain (p-polarization, wave vector k will be along z-axis), free electrons of silver nanoparticles inside the nanochain oscillate collectively in resonance with the incident beam; the interaction may constitute surface plasmon polaritons (SPPs). The induced surface charge density is proportional to the discontinuity of the electric field component normal to the surface; only p-polarized light can excite SPPs, because incident beam with s-polarization (E along z and wave vector k will be in x-y plane) can excite a very small intensity of evanescent wave contribution. These near-field optical signals of silver nano-particles have non-linear nearfield optical properties, which were previously found in experiments. 12) In the cross-sectional image of type A shown in Fig. 2(a) , the field intensity is stronger both in the central part and near the rims of spherical chains (edge enhancement) than in other regions, and the image generated agrees reasonably with the geometrical profile of the same dielectric spheres. At the edge interface of the dielectric spheres, the electric flux density is conserved such that the electric field amplitude is greater than that in the outside medium where the permittivity is smaller (SiO 2 , n ¼ 1:5). Note that the intensity in Fig. 2(b) contrasts with that in the image shown in Fig. 2(a) . Silver nanoparticles are generated either in the sputtering process or by a reversible chemical reaction, and produce a large nonlinear optical effect. This effect arises from the excitation of plasmon resonances between the metallic particles (shape-dependence) that are embedded inside the dielectric spheres by the evanescent photons and leads to light wave propagation mainly in the forward direction. Under such a condition, one also expects the silver nanoparticles to serve as the local source of light if the incident electric field has a vertical component (ppolarization). Another significant result from Fig. 2(b) is the effect of the embedded silver nanoparticles that form very strong scattering centers and increase the evanescent field. The embedded silver nanoparticles in the nanochain provide an interpretation for the high-scattering property of type B structure, which further enhances the surface plasmon effect and introduces nonlinear optical properties. It also provides strong local field enhancement, which may be of relevance to near-field optical processing.
As a result, the characteristics of an NSOM image of the surface are quite sensitive to the manner in which the probe is scanned over the sample surface. We obtained the spatial distribution of the optical field localization effect for the type B structure by controlling the external probe object (in our case, a dielectric sphere is used to imitate a local excitation source of particles). Figures 3(a) and 3(b) show the field intensity images obtained in the x-z (at y ¼ 0) and x-y (at z ¼ 0) cross-sectional planes, respectively, when a transparent dielectric sphere with n is the same as type A except for the silver nanoparticles embedded inside the dielectric spheres of type A. In the dielectric spheres of type B, silver nanoparticles 4 nm in diameter are randomly positioned in the 80-nm-diameter spheres. The refractive index of each silver nano-particle is chosen to be 0:7 þ i3:65. Fig. 3 with Fig. 2(b) shows that the presence of such a dielectric sphere disturbs the field distribution inside the spherical chains, resulting in a phenomenon tunable by the potential of the spherical probe. This effect is due to a change in the disturbance source.
10)
To determine the detailed behavior of the field distribution inside the nanochain, the three components of the field distribution will be discussed here. Figures 4(a)-4(c) show the x-z cross-sectional plane maps of the field intensities of the three electric field components (E x ; E y ; E z from top to bottom) for the cases shown in Fig. 3(c) , where the image color scales are 0 -4 for E y and 0 -1 for E x and E z . It can be observed in Fig. 4 that E y propagates mainly in the forward direction and forms the main field distribution of the total electric field emerging from SWG. The distance between SWG and the outer sphere decreases as d value increases. The light intensity in SWG can be reduced, and the transmission light from the outer sphere is weaker. That is the light converted in the near-field zone is transmitted less to a photodetector than to the light between SWG and the outer sphere. The physically observable effect offers a better understanding that will lead to an unambiguous analysis of an NSOM image and will make NSOM a more reliable imaging tool for possible applications of the light localization effect in SWG or in biomedical and materials sciences. For example, it caninduce local excitation, and can be detected by a near-field fiber tip placed in the near-field zone.
As shown in Fig. 2(b) , type B was used as an extra defect region inside SWG, and the field enhancement is anticipated with the local mode of the SPPs. We demonstrate these merits of NSOM. We combine line defects (spherical nanochains) and point defects (silver nano-particles) to make a novel SWG for NSOM application. The surface profile of the dielectric sample (n ¼ 1:5) consists of a flat surface of thickness with a 15 nm with a dielectric spherical protrusion (used to imitate the tip of near-field fiber probe, as described in our previous works 13, 14) ) whose diameter d ¼ 60 nm and refractive index n ¼ 1:5 (SiO 2 ) as shown in Fig. 5 . SWG is illuminated normally by an incident beam with p-polarization from below and the light intensity of the sample on the surface facing the probe is detected in the far-field region (collection-type NSOM). Once the incident beam is inside SWG, it has nowhere else to go when one channel (spherical chain) is dropped at one carrier wavelength. The intensity of the electric field distribution in x-z and x-y cross-sectional planes, whose fragment is shown in Fig. 5 , is presented in Fig. 6 . It can be observed in Fig. 6 that the light beam is channelled along the forward propagation direction and the field is localized at the center and rims of the spherical chains. The interaction between the SWG and the field near the sample surface is an important mechanism in the formation of NSOM images. When the effects of multiple scattering by a dielectric spherical protrusion on the sample are taken into account, the sample, SWG and dielectric spherical protrusion can be regarded as one system in image formation. The evanescent field propagating through the dielectric spherical protrusion can transform to a radiation wave and be received by a photodetector. The effect of multiple scattering or image formation becomes negligible between SWG and the sample. The image is generated primarily by the coupling effect of the near-field to the waveguide structure of SWG. The sample divided the light emerging from the SWG into two parts; one penetrates through the sample, the other distributes between the sample and SWG. The light penetrating through the sample can be detected by a photodetector. The photodetector not only detects how the field distributes between SWG and the sample surface but also detects the light emerging from SWG, including the light refracted from the sample surface distributed between SWG and the sample. Hence, the generated NSOM intensity image exhibits a strong intensity on the rim of the spherical chains and on the flat sample surface. Field intensities larger than that of the SWG-sample interaction are not included. The light propagates out of the sample surface and creeps latterly along the sample surface acting with the characteristics of reflected light. On the rim of a spherical nanochain Fig. 4 . The x-z cross-sectional plane maps of three electric field components (E x ; E y ; E z , from top to bottom) corresponding to cases shown in Fig. 3(c) , where image color scales are 0 -4 for E y and 0 -1 for E x and E z . in SWG, multiple scattering occurs inside SWG and the intersection area between the sample and SWG, but is not coupled with the propagation mode of the fiber tip transmission. The applications of the proposed SWG to NSOM and its advantages over conventional NSOM will be discussed here. The proposed NSOM offers a higher spatial resolution and sensitivity than the scattering-type NSOM owing to the SPP effects arising from the silver nanoparticles which are randomly positioned inside the type B structure. The effects of embedded silver nanoparticles are that they generate stronger scattering centers and a greater evanescent field than those in conventional NSOM. Silver nanoparticles enhance the role of local enhanced light, which provides a stronger field intensity and further enhances the SPP effects. The 80-nm-diameter dielectric spherical nanochain can be regarded as a confocal lens that concentrates light in the propagation direction (z-direction). In addition, a type B structure shows both point defects (silver nano-particles) and line defects (dielectric spherical nanochains) in SWG, which may be relevant for offering promising applications in NSOM. In the near future, we intend to consider other effects involving the nonlinear response of the irradiated sample, e.g., the NSOM application using photonic crystals (to position such a structure (type B) in a photonic crystal waveguide) to near-field optical image processing.
SWG

Conclusions
In conclusion, we presented numerical results for calculating the near field distributions between the light field of a nanochain emerging from SWG and the light field near the sample surface in NSOM using a 3D FDTD method. We used two types of spherical nanochain embedded in SWG. The calculation results show that the evanescent fields formed in SWG can be used in the NSOM system with a spatial resolution exceeding the wavelength of the incident illumination. The high density of the optical field at the output end emerging from SWG may give rise to physically observable phenomena in the near-field zone. Many applications using these properties arising from the field at the output end of SWG are associated with the chances of possibilities the spatial resolution in photolithography, promoting the data storage capability in optical memory systems and its use as functional building blocks for nanoscale waveguiding devices, sensors and optoelectronics, and in controlling atom and atom interactions in quantum calculation problems, as well as in other applications. 
